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Chapter 1.INTRODUCTION
In today's world, one of the most important methods of conveying
information is through visual means.Displays constitute the most
commonly used means in applications such as television or computer
terminals.Currently, cathode ray tube (CRT) displays are most
commonly used.However, with new applications cane new requirements,
for which CRTs are not very suitable.Plat panel displays are being
used in some such applications, where considerations such as space,
weight, shock resistance, or power consumption disfavour CRT's.
Furthermore, flat panels are promising for other reasons, such as
resolution, contrast ratio and display area.
One of the most promising flat panel technologies is
electroluminescent (EL) displays.These displays, in addition to the
general flat panel advantages, show strength in resolution, size,
viewing angle, contrast ratio and brightness.Another advantage of
EL is thatits complete solid state nature allows the use of
fabrication and processing techniques that are well developed in the
semiconductor industry.There are four types of EL panels:AC or DC
in forms of thin film or powder.Most of the current research and
production in EL has been concentrated on AC thin film
electroluminescent (ACTFEL) devices.The most common material for
ACTFEL applications is ZnS doped with Mn which emits a
yellowish-orange color. This type of panel has actually been in mass2
production since the early eighties.
One of the current challenges facing ZnS:Mn alternating current
device technology is fabrication of displays with variable brightness
intensity i.e. gray scale).This goal, in principle, can be
accomplished by varying the driver voltage amplitude.In practice,
instabilities in the brightness-voltage (BV) characteristics can lead
to luminance shifts.It has been shown that symmetric drive
addressing circuitry stabilizes the threshold and saturation
luminance) However, there is still the question of intermediate
brightness level instability.
The goal of the work described in this thesis was to demonstrate
methods of improving the gray-scale brightness instability.Two
approaches have been taken to improve the ACTFEL instability.One
approach involves the addition of a CaS layer at one or both of the
ACTFEL interfaces.A second approach involves oxygen exposure of ZnS
prior to second insulator deposition.Preliminary work has been
undertaken to establish a physical mechanism for the instability.
The tentative mechanism is the migration of sulfur vacancies to
the two interfaces of ZnS during aging.These donor-like centers are
positively charged when ionized and set up space charge regions in
the ZnS film.These internal fields in turn change the actual
voltage seen by the ZnS layer causing a change in the threshold
voltage and the BV characteristics.3
Chapter 2.LITERATURE REVIEW
The ACTFEL device structure is shown in Fig. 1.The active area
is a doped II-VI semiconductor.This active area is sandwiched
between two insulator layers.The entire device is, in turn,
sandwiched between two electrodes (ITO and Al are normally used).
The whole device is fabricated on a glass substrate.2
The device operates by applying a large AC voltage (usually
between 150 and 250 volts) to the electrodes.This voltage in turn
(through acapacitive divider relationship) results in a voltage
across the phosphor layer.When the field associated with this
voltage produces a sufficient number of electrons with large enough
energy (about 2.2 eV), light is emitted.The external applied
voltage required for the onset of luminescence is called the
threshold voltage, Vth.Light emission is the result of hot
electron impact excitation and subsequent radiative relaxation of the
doping center.2Increasing the applied voltage beyond Vth
results in an increasing number of electrons with the required energy
to excite the doping centers, leading to higher brightness.A
typical brightness vs. voltage (B-V) curve is shown in Fig. 2.
For certain devices, the brightness level depends on the previous
voltage history and on whether the applied voltage is being increased
or decreased; this phenomena is referred to as hysteresis.A typical
B-V curve for such a device is indicated in Fig. 3.The cause of
hysteresis is attributed to negative resistance in the phosphor layer
after breakdown.3The hysteretic nature of the device is4
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empirically found to be controlled by the amount of the Mn doping.
By increasing the doping above approximately 1 mole percent,
hysteretic devices result.
It should be noted that since the goal of the work described
herein is to, in effect, make the brightness a single-valued function
of voltage, the panels under consideration should be non-hysteretic.
To ensure this characteristic, a low Mn concentration was chosen.
As stated before, ZnS:Mn ACTFELs are used mainly for display
applications.For this purpose, the stability of the B-V curve is
important.Workers at Planar Systems relatedl the aging phenomena
to "preferential charge accumulation" in the device, resulting in the
creation of an internal voltage.This charge accumulation and the
resulting internal voltage build-up leads to changes in the B-V
characteristics, i.e. aging.They attributed this charge
accumulation to the use of an "asynnetric" applied voltage.The
driving scheme was such that a positive voltage was applied to each
row starting frau the top of the display panel.immediately after
applying the positive voltage to the last row, a negative pulse was
applied to all rows in order to reset the accumulated charge from the
positive pulses, polarization charge.It was observed that the
middle rows had the least amount of brightness change compared with
the top or bottom rows.To alleviate the aging problem, several
variations in the driving methods were proposed to achieve a time
symmetric voltage waveform.They found that the use of symmetric
drivers resulted in a dramatic improvement in the differential aging
when measured at the turn-on voltage, i.e. threshold voltage.Thus, the conclusions reached by these workers imply that the
change in the luminescence properties of the ACTFEL device are
determined by charge transport rather than by the luminescent
excitation and de-excitation processes.' Their approach to
improving the ACTFEL device stability was to reduce the asymmetry in
the applied waveform by changing the driving circuitry.
Other workers have attempted4, 5, 7 to improve the ACTFEL
stability through modifying the fabrication and processing methods.
Researchers at IBM investigated4 the effects of the introduction of
H, 0, S, Na, F and Cl during the ZnS deposition or after the ZnS
deposition by ion implantation.The effects of various annealing
temperatures and times in vacuum, oxygen, hydrogen and sulfur were
also investigated.The findings were that a prolonged anneal in a
vacuum atmosphere before the deposition of the second insulator led
to improved stability.Implanted F, Cl and Na were reported not to
affect the device stability.Introduction of sulfur and oxygen
during ZnS deposition resulted in poorer stability; a similar
degradation in the stability was reported for hydrogen, regardless if
it was introduced during deposition by ion implantation or by
post-deposition annealing.
In contrast, workers at Sharp reported improvedstability5 with
the introduction of sulfur and oxygen to the phosphor layer.Oxygen
and sulfur were introduced by heat treatment after ZnS deposition,
but prior to the second dielectric deposition.The mechanism for the
observed improvement in the device stability was attributed to the
elimination of sulfur vacancies in the active layer, ZnS, by8
incorporation of oxygen or sulfur.The apparent contradiction
between workers at Sharp and IBM can be explained if during IBM's
vacuum anneal, same oxygen was unintentionally introduced.This can
also explain the improvement seen by IBM when a prolonged vacuum
anneal was used.6The work by both groupsemphasized hysteretic,
memory devices.
Later work by the group at Matsushitaconcentrated on
improvements in the device stability using "buffer layers" at both
interfaces of ZnS.The materials used for the buffer layer were
SiN4, MgF2, SiC and CaS films.Their finding was that the
optimal EL performance, based on stability, brightness and
adhesiveness, was obtained when Cab buffer layers were incorporated.
The improved stability was seen even though a time asymmetric
waveform was used, where the period between one positive and the
subsequent negative pulse was nine times the period fram negative to
the next positive pulse.
In order to determine the physical reason for the improvement
obtained with the addition of CaB, the researchers at Matsushita used
secondary ion mass spectrometry (SIMS) depth profiling.Depth
profiles of samples with and without buffer layers were compared
before and after aging.They found a reduced tendency for
outdiffusion of the insulator atoms into the ZnS when a buffer layer
was present.Therefore, the device instability mechanism was
associated with migration of insulator atoms into the active area.
The insulators used in this experiment were BaTa2O6 and Sr(Zr,
Ti)03.After aging the samples without CaB, major changes in the9
Sr and Ti profiles were evident.It is not clear whether the same
mechanism is valid for EL devices with different types of insulators,
such as siaN.
The extent of device instability can be assessed from an
examination of B-41 curves of unaged and aged samples.An alternate
method is to monitor changes in the threshold voltage, Vth.All
the reports discussed previously concentrate on threshold voltage
shifts. Furthermore, most previous experiments have focussed on
hysteretic devices to stabilize memory effects.4,5In the results
reported previously, most researchers, except workers at Planar,1
have used special drivers with predictable and constant voltage
outputs to operate small area dots rather than full size commercially
used displays.The main aim of the work described in this thesis,
however, is to consider the intermediate brightness stability of
nonhysteretic devices using both noncommercial drivers, used for
research, as well as commercial drivers, which are produced in mass
quantities sold in full size displays.This work aims at verifying
methods proposed by other investigators and suggesting new procedures
for improved stability.Because of different device structures and
fabrication methods, different results fram former investigators are
to be expected.However, similar findings would indicate some of the
fundamental characteristics of electroluminescent devices.The final
goal of this work is to gain the ability to vary the brightness by
simple modification of the applied voltage without concern for the
previous voltage history of the device.In other words, the goal is
to obtain an ACFFEL device with a stable B-V characteristic.10
Chapter 3.EXPERIMENTAL TECHNIQUE
3.1 Device Fabrication
The ACTFEL, device structure is as shown in Fig. 1.The glass
substrate is 7059 glass coated with indium tin oxide.This first
conductor is patterned for columns using standard photolithographic
methods.The insulator chosen for this experiment is SiON because of
its stability and case of deposition.Therefore, next, the substrate
is covered with sputtered siaN and evaporated ZnS:Mn followed by
another sputtered siaN layer, all using an in-line system, without
breaking vacuum.The ZnS:Mn layer is deposited using a separate ZnS
source and co-evaporating Mn.For optimum film quality, as measured
by the brightness of the display, the substrate temperature is kept
at 230C.For samples where an extra layer was required this
additional layer was deposited in a different system and then the
sample was returned to the original system.
After deposition of the second insulator, the device is annealed
in nitrogen at 460C for 1 hour.Next, a second conductor is
deposited and patterned to form the row electrodes; finally, a glass
backplate is placed covering the deposited material and the space
between the two glasses is filled with a special oil.Contacts to
the two conductors are outside the active area.
The above procedure was used to fabricate the full-size displays
used in the experiments.These displays have a 4 inch by 8 inch
active area and a resolution of 256 X 512.Another type of device
used for testing is referred to as "2 by 2" because of the substrate11
size of 2 by 2 inches.The process explained above holds for these
substrates as well, except for the second conductor.In 2 by 2's,
the aluminum is deposited directly through a mask, removing the need
for the second photolithographic step.The full size panels are used
most commonly in the work described herein.
3.2 Terminology
To simplify the description of the EL structure, the following
convention and terminology is used.8 The bottom layer, the one
closest to the glass substrate, is written on the left while the
subsequent upper layers follow to the right.The name of the
insulator is simplified by its first letterfollowed by the
thickness of that layer written in hundreds of angstroms.The
location of the ZnS layer is indicated by a hyphen, -.
Example: "S18 C4 -60 C S2 B35" indicates:
First insulator: 1800A of SiONN (=S18)
First buffer layer: ,400A of CaB (=C4)
ZnS layer: 6000A of ZnS (=-60)
Second buffer layer CaB, thickness notspecified
(=C)
Second Insulator 200A of slam (=S2) and 3500A
of BaTa2O6 (=835)12
3.3 Measurement Techniques
Several types of measurements are common for ACTFEL devices.The
primary ones are brightness vs. voltage (B-V), charge vs. voltage
(Q-V) and charge vs. time (Q-t).The measured charge is either the
total charge, displacement and conduction, or conduction charge
only.The most practical way of measuring ACTFEL device instability
is through the B-V measurement since this is the ultimate test for
the panel operation.
3.3.1 BV Measurements
Two types of measurements are used to assess the relative device
stability.The first is denoted BVB for brightness voltage band.
The second test employed is the latent image test.
3.3.1.1 Brightness-Voltage Band Test
In this method, a selected set of columns in the panel is driven
through an array of resistors for different aging times.9Fbr the
experiments described herein, eight sets, four columns to each set,
were used. Each of these column sets was connected to a resistor and
a switch.The usual usage was such that switches1 and 8 were
always left on as reference points.Switch 2 was never turned on in
order to keep one set of columns with zero aging while switches 3
through 7 were on for variable amounts of time.The most common
periods were 1, 12, 24, 48, 96, 130 hours for switches 2 through 7,
respectively.Switches 1 and 8 were kept as reference so variation
across the panels due to fabrication process variations could be13
accounted for by monitoring differences in bands 1 and 8.This
difference is then linearly interpolated for bands 2 through 7.This
method makes it possible to separate changes caused by aging frau
changes caused by the mere location of the bands.The effects of
location are further reduced by choosing the bands to be right next
to each other in order from band 1 to 8.
The measurement is performed using a computerized system, where a
stationary photometer is manually focused on band 1 while a
Hewlett-Packard model 87 computer controls the location of the panel
and the voltage applied to the panel (Fig. 4).For each band the
applied voltage is increased by the controller until the onset of
luminescence.The voltage is then increased in increments of 1 volt
up to the specified's:I:Kim= voltage and the brightness is read at
each voltage.The operator then changes the band connected to the
power supply.The controller moves the panel on the x-y table to
bring the next band under the photometer and the process is repeated
for the 8 bands.
The results fram these BV measurements are then entered into a
spreadsheet program.All the brightnesses are then linearly
interpolated to a common integer voltage table array.Furthermore,
location compensationis done using values for bands 1 and 8 as
reference values.The final results for bands 2-7 are plotted on the
same axis giving results like that shown in Fig. 5.
Aging of the bands is accomplished with a bulk driver, providing
uniform waveforms to all the "on" pixels in the panel at the same
time.These waveforms have a 75 microsecond pulse width at acontroller
HP-87
photometer
printer
diskdisk storage
Figure 4Block diagram for a standard BM data acquisition.
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repetition rate of 200 Hz.The voltage amplitude is then set at
fifty volts above Vth; Vth is defined as the voltage where the
average brightness is 0.7 foot-lamberts (fL).The panel voltage is
about 15 volts less than the driver voltage due to the voltage drop
across the distribution resistors.
It should be noted that the brightness can be measured in two
ways."Average brightness" refers to the brightness fram an area of
the panel without taking into account the space between the pixels.
This measurement is used for finding the threshold voltage.The
other method is called "pixel brightness" where the brightness read
(average brightness) is divided by the fill factor, which is the
ratio of the light emitting area to the total area (fill factor = 0.5
for displays used).
3.3.1.2 Latent Image Test
The second test employed for assessment of the relative device
stability is the latent (LI) image test.This method permits
evaluation of different structures in a standard commercial driver in
contrast with bulk drivers where the waveforms are well defined.
Full 4 X 8 inch displays are first aged for 100 hours using a
bulk driver.These panels are then tested using a standard
commercial driver which applies symmetric waveforms by the "alternate
line polarity" method.This method consists of applying one polarity
to the first row, the opposite polarity to the second row, and so on
until the end of the screen.For the next screen, the opposite
polarity is applied to the first raw compared with the polarity usedAging pattern when using commercial
drivers
Figure 6
Differential brightness
measurement location
"Tennis Court" pattern used for stability test with
commercial drivers18
for the former screen.10 This scheme allows uniform timing between
positive and negative pulses for all pixels.
The applied voltage employed is a square pulse of 35 volts above
Vth with a 35 microsecond pulse width and 60Hz repetition rate.
The applied voltage for off pixels is slightly below Vth.The
test is continued for most panels up to 1000 hours.
The LI test is accomplished by turning on a "tennis court"
pattern, see Fig. 6, and leaving the rest of the panel off.This
pattern allows monitoring of the differential aging as a function of
vertical and horizontal location of the pixels.To measure the
aging, the entire panel is momentarily turned on and the differential
brightness of the aged versus unaged portions of the panel is
measured for several points by changing the applied voltage.This
differential brightness is then plotted as a function of the
brightness of the aged portion of the device, which varies as the
applied voltage.
This measurement is repeated for various aging times up to 1000
hours.Using this method, it is possible to obtain the BV shift as a
function of aging.The location used for the measurement is adjacent
to groups of aged and unaged columns at slightly above the center of
the display.The measurement is performed by applying a sufficient
voltage so that the aged area emits up to 4 foot lamberts (fL).The
13-41 shift is monitored at 1, 2, 3 and 4 fL; these lower intensity
levels were chosen because, based on experience, this is the regime
most susceptible to instability problems.
The LI test has several disadvantages if used for providing19
insight into the physical phenomena responsible for aging, namely:
1.History of the sample:All the samples are aged for about
100 hours before initiating the LI test.The nature of the
differences between these samples and virgin samples, as far
as aging is concerned, is not clear.
2.Driving method:Using the commercial drivers, the uoinr,
pixel is actually driven with a voltage just below Vth.
It has been shown that such a subthreshold voltage can
affect the amount of aging.1
3. Difference in the drivers:Since the driver chips on the
boards are different, there is an inherent variation in the
driver waveform applied to different panels.This can lead
to differences which are independant of the aging phenomena.
However, the advantage of the LI test is that it establishes how
a structure actually performs in a commercial environment.
3.3.2 Charge-Voltage Measurement
There are two types of charge versus voltage (Q-V) measurements.
In the first type, the sum of displacement and conduction currents
are measured. A typical Q-V result is illustrated in Fig. 7.A
wealth of information can be obtained from this curve,3,12such as
the polarization charge, the voltage across the phosphor at
breakdown, the total voltage across the insulators prior to
breakdown, the total capacitance of the insulators, the phosphorQ
-Qp:polarization charge due to- pulse
Vth: external voltage at threshold
Vz: voltage across ZnS at threshold
Vth-Vz: voltage across insulators at
threshold
Figure 7 Total charge versus applied voltagell
V
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capacitance and the threshold voltage, see Fig. 7.
Only conduction charge is monitored when the second measurement
technique is utilized.This charge is determined by integrating the
conduction current which is found by subtracting the displacement
current fran the total current.The displacement current is removed
by setting up a parallel variable capacitor and balancing the
capacitance with that of the EL device capacitance just below
threshold.The conduction current is the total current minus the
current through this parallel branch.This conduction current can be
used to find information such as the efficiency by measuring
luminescence simultaneously.
3.3.3 Time Constants
A typical light output after the application of a pulse is shown
in Fig. 8.The time constant associated with the decaying light
output, tau, is commonly used as a measure of the Mn concentration.
The decreasing value of the time constant as the Mn doping is
increased is attributed to the increased excitation coupling among
the Mn centers.FUrthermore, increasing the Mn doping, thus lowering
tau, results in hysteretic behavior as shown in Fig. 9 by increasing
the memory margin, Fig. 3.voltage
light output
max/e
I
time constant
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(b)
(a)
22
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Chapter 4The Cab BUFFER LAYER
Two main approaches for improvement of the ACTFEL device
stability were investigated.The method of incorporating a Cab
buffer layer at one or both interfaces of ZnS is discussed in this
chapter.The second method for improvement in the stability involves
exposure of oxygen to the top ZnS interface.This approach is
discussed in the following chapter.
4.1 Fabrication Process
The devices with buffer layers were constructed with an addition
of cas layers to either or both sides of the ZnS active layer as
shown inFig. 1.The cas layer was deposited in a different
chamber from the insulators and ZnS.For example, for a S-CS (see
section 3.2 for meaning of abbreviation) structure, the first
insulator and ZnS were deposited using an in-line process.The
sample was then taken out of vacuum to another chamber for deposition
of cas and later returned for the final insulator deposition.
Because of the hygroscopic nature of cas, care was taken to minimize
exposure to air by storing and transporting the panels in a vacuum
desiccator.
Several cas process parameters were changed while the remaining
fabrication schedule was held fixed.As mentioned before, the
location of the buffer layer was varied by depositing it on the
lower, upper or both sides of ZnS.Another variable parameter was
the CaS deposition temperature.The temperatures used were 180C,25
230C and 320C, where the standard temperature was 230C.Finally,
different insulator structures were also examined.
The finished devices did not have the same quality as the
standard panels.The main problem with the structures with cas was
the poor adhesion of cas to the other layers.The poor adhesion
caused peeling of the films, causing dark spots on the display as
well as causing many more breakdowns.The problems were partially
solved by minimizing the cas exposure to air and by making the cas
deposition window smaller than the insulator deposition window so
that the cas layer is completely protected from exposure to air.
Even though these precautions did not solve the problem completely,
they allowed processing of samples for experimental purposes.
4.2BVB Test Results
The main performance test applied to these displays is the BVB
test, see section 3.3.1.This test is used to compare control
samples and samples with the buffer layer.Furthermore, the BVB test
is also used for investigation of changes caused by CaS process
variations.The two BVB characteristics monitored are shifts in
threshold voltage and the stability of the BV curve at higher
brightness levels.
The threshold voltage is taken to be the intercept of the voltage
axis from an extension of the linear portion of the BV curve.Both
threshold voltage shifts as well as changes in the shape of the BV
curve may be assessed using the BVB method.35
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4.2.1 Comparison of Control and Cab Samples
A typical BVB result for a control sample (818-810) is shown in
Fig. 10.For the control sample, Vth increases by about six volts
for 96 hours of aging.The shape of the BV curve also changes with
aging.The increase in Vth and change in shape of the BV curve
results in curves which intersect at high brightness levels, implying
no net aging at that intersection point.Above this point, the
curves remain closer than they were at the lower brightness levels.
Thus, the most pronounced region of instability occurs at law
brightnesses.If it were possible to find the intersect point, an
"on" display could be driven at that particular applied voltage and
minimal aging would be seen.However, this point is different fran
one device to the next, and possibly even depends on the applied
voltage wave form; therefore, it cannot be located before the aging
test.
It should also be noted that the "on" driving condition commonly
used in commercial applications occurs at a voltage which is high
enough so that the BV curve is out of the linear region, past the
point of intersection.The 'off" voltage is usually chosen to be
several volts below the unaged sample's threshold voltage.Driving
the pixels at such voltages, one can only observe slight aging
changes in brightness at "on" or."off" states.For example, a change
of 2 volts in the applied voltage is required to keep the brightness
at 18 FL as seen in Fig. 10.However, if intermediate brightness by
lowering the applied voltage is desired, a larger aging effect will
be observed.For example, there is a shift of about 7 volts at 2 FL32
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brightness, as illustrated in Fig. 10.The threshold voltage shift
for this sample is 7 volts for 96 hours of aging.
To improve the aging stability of the display, a cas layer was
added.As an example, for comparison with the control, the BVB
result from a display with 818 - CS 89 is shown in Fig. 11.The
aging results in a decrease in Vth of about two volts, which is
substantially less than that of the control, which increases by about
7 volts when subjected to similar aging.Unlike the control sample,
the shape of BV curves remains relatively constant with aging.
Similar to that found in the control sample, the region of worst
aging occurs at low brightness.For the sample shown in Fig. 11, the
maximum voltage shift after 125 hours of aging is about 2.5 volts at
a panel brightness of 8 FL, whereas for most of the curve, the
voltage shift is less than 2.5 volts.This BVB result indicates
much improvement in the gray scale characteristics where minimal
shifts in the BV curve are required in order to control the
brightness level with the applied voltage.
The addition of a cas buffer layer results in an increase in the
threshold voltage of about 35 volts for every 1000 A of added CaB.
This change in Vth seems to be independant of which interface the
CaS is located.
4.2.2Comparison Of Samples With Variable CaB Deposition Parameters
In order to obtain optimal stability and also possibly to gain
better insight into the aging mechanism, parameters such as the
location of the Cab buffer layer, the CaB deposition temperature, and26
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the structure of theinsulators were varied.
Introduction of a CaS buffer layer was found to improve the
ACTFEL stability, as monitored by the BVB test, independent of
whether the cas was located at one or both interfaces.Increasing
the deposition temperature from 230C to 320C for all three possible
Cab locations resulted in an improvement in the stability after the
initial 12 hours of aging, as shown in Fig. 12.Also, a decrease to
180C in the CaB deposition temperature for the S-CS structure showed
a decrease in the stability.Finally, changing the second insulator
from a simple siaN insulator to a combination of siaN and BTO (namely
S2 B35) made the SC-S structure more stable, while little effect was
noted for S-CS and no improvement was found for SC-CS structures.
All of the above variations show improved stability when compared to
standard panels.
V found to decrease with aging for all samples with cas
buffer layers.Furthermore, the shape of the BV curves remains
relatively constant with aging.In contrast, control samples always
display a threshold voltage which increases with aging and BV curves
which change shape with aging.This difference, results in parallel
BV curves in the BVB test for samples with CaS while control samples
show a point where the BV curves intersect.
4.2.3Hysteresis
The aim of the experiments described in this chapter is to assess
the aging effects of non-hysteretic samples.For conventional ZnS:Mn
panels without CaS buffer layers, an effective means of determining32
whether samples will be hysteretic or non-hysteretic is to monitor
the time constant, tau, as described in sec. 3.3.3.The time
constant for the panels is kept at a value of 500-600 microseconds by
adjusting the Mn doping of ZnS which results in non-hysteretic
standard panels.However, same S-CS panels indicate hysteretic
behaviour even when tau is around 500.For these Cab buffer layer
samples, the hysteresis disappears at higher tau, such as 650.
For hysteretic samples, the aging is measured on the BV curve
corresponding to the right-going, increasing voltage sweep as seen in
Fig. 3.The hysteretic nature of some of the samples does not affect
the aging results.This lack of difference can be related to the
fact that normally most of the changes in the BV curve are seen on
the curve corresponding to the increasing voltage.
4.3Brightness Dependence on the Voltage Polarity
A measurement of the brightness as a function of the polarity of
the applied voltage is also performed to show possible differences in
the Vth as measured across the EL stack.A plot of luminance vs.
voltage for a standard unaged device is shown in Fig 13.Except for
a small difference at high voltages, the two voltage polarities, ITO
negative or ITO positive, are identical.To see the effects of
aging,
Again,
a similar plot is made for a sample aged at 1000Hz, Fig. 14.
except for a small deviation at higher voltages, the two
curves are identical.The threshold voltages of the two brightness
curves, corresponding to the positive and negative polarities of
voltage, are both shifted by about nine volts.33
Therefore, for these cases, the same for both the aging is voltage
polarities.
Similar measurements were performed using unaged and aged samples
with a CaS buffer layer.The sample has an S-CS structure and is
unusual because of the high Vth.The hysteresis seen is explained
in section 4.2.3The results, Fig. 15 and Fig. 16, are identical BV
curves for positive and negative applied voltage polarities.This
result holds for both the unaged and aged sample.For the aged
sample, both BV curves shifted to lower voltages, as expected, by 6
volts for 168 hours of aging at 1000112 and 30 volts above Vth.We
believe that the BV curve, and hence, the internal field in the ZnS
layer, is independent of the voltage polarity as long as leakage
through the insulator is negligible.
4.4LI Test Results
This test was performed to obtain an indication of the
performance of different structures if a symmetric, commercial driver
is used.In this experiment, samples were run through the BVB test
before starting the LI test see section 3.3.1.2.
The LI test results show an improvement in stability, as compared
to control samples, with the addition of a CaB buffer layer.
However, the structures with a large improvement shown in the BVB
test do not necessarily show the same amount of improvement in the LI
test when compared to control samples.For example, increasing the
cas deposition temperature or the addition of S2 B35 as the second
insulator showed an improvement in stability of about four times over100 r
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that of the control sample as monitored by the BVB test.However,
the same samples in comparison with the control showed less than a
factor of two improvement in the stability when undergoing the LI
test. Amore glaring difference in the results is seen in the SC-S
structures, where the stability measured by the LI test is poorer
than that of the S-CS structure, while the BVB test shows similar
results for the two structures.The results of the LI test for
several different structures are shown in Fig. 17.Also, a summary
of the LI test results comparing the relative stability of different
structures can be found by comparing the areas under the LI test
curves of Fig. 17; such a plot is shown in Fig. 18.
As stated in section 3.3.1.2, the BVB test is a more reliable
method for understanding the physical mechanism of aging since the LI
test is vulnerable to uncertainties in the drivers and the sample's
aging history.However, the goal of the LI test is to investigate
the performance of different structures during a commercial
application.
4.5 Summary
The introduction of a CaS buffer layer is discussed in this
chapter.It is shown that for LI and BVB tests, in every case tried,
the addition of CaS improves the stability of the EL display when
compared with the control sample.
The BVB results show comparable stabilities when CaS is added to
either or both of ZnS interfaces.Increasing the Cab deposition
temperature or the use of SB as the top insulator is shown to improve41
the display stability.LI test results indicate a substantial
improvement when the S-CS structure is used.However, LI test
results from other structures showed less improvement compared with
the S-CS structure, while these variations are still more stable than
the control sample.
The main disadvantages in the use of CaB buffer layer are the
increase of about 35V in Vth for every 100014. of CaB and adhesion
problems during display fabrication.
In addition, no dependence is observed between the BV curves
obtained using positive and negative applied voltage polarities.
This independence also holds for aged samples showing that the two BV
curves shift and change shape identically.These results hold for
both standard samples and samples with CaB.42
Chapter 5OXYGEN EXPOSURE OF THE ZnS SURFACE
In addition to the use of CaS buffer layers, as discussed in the
previous chapter, oxygen exposure to the upper ZnS interface was used
to improve the device stability.Methods and results of oxygen
exposure are discussed in this chapter.
5.1 The Fabrication Process
TWo main methods were used for the introduction of oxygen to the
ZnS surface.The first method was to heat the sample in air.The
second technique involved exposure of the MIS layer to an oxygen
plasma.
In the first method, the process was the same as that of the
control samples (see chapter 3) up through the deposition of the ZnS
layer.After the deposition of the active layer, the panels were
annealed for two hours in a vacuum atmosphere of about 5 X 10-6
torr at a temperature of 4600.Then the panels were placed in
another annealing chamber with an open air flow and were annealed for
2 hours at 4600.Since the most reactive element in air is oxygen,
any change in the display characteristics is attributed to oxygen,
even though the heat treatment was accomplished in air.After this
heat treatment, a second slam insulator was deposited and the final
anneal, which is normally performed in N2 after the second
insulator, was omitted for these panels.One of the variable
parameters in this process was the temperature, which was changed
from 100 to 150, 200 and 2500.Another variable parameter was the43
sample cooling rate.The cooling period was either 1 hour or a
period of approximately 5-10 minutes in which the sample was removed
from the annealing oven and quenched in roam air.
In the second method of oxygen exposure, the fabrication process
was identical to that of the control sample until after the ZnS
deposition and anneal at 460C for two hours in vacuum.At this
point, then the panels were exposed to an oxygen plasma in a reactive
ion etching (RIE) chamber.The rf power was 750W, while the oxygen
flow rate was 50 scan.Following this treatment, a second insulator
was deposited, but again the standard final nitrogen anneal was
omitted.The only variable parameter in this process was the
plasma exposure time which was varied from 1 minute to 2, 5 and 10
minutes.
5.2BVB Test Results
Similar to the CaS samples, the main performance test used to
characterize the oxygen-exposed panels is the BVB test.This test is
used to compare the stability of oxygen-exposed and control samples,
and also between oxygen-exposed samples with varied parameters.The
two characteristics monitored are shifts in the threshold voltage and
the shape of the BV curve.
5.2.1 Comparison of Control and Oxygen Exposed Samples
As a means of comparison, the control sample in Fig. 10 is used
again.As discussed in section 4.2.1, Vth typically increases as a
result of aging.For the sample indicated in Fig. 10, Vth shifts44
to higher voltage by 7 volts for 96 hours of aging.For the same
amount of aging, a shift of 7 volts at a brightness of 2 FL is
observed.
To improve the stability of the display, oxygen was introduced to
the last grown interface of MIS.As an example for comparison with
the control, the BVB result from a display having an S18-810
structure which was vacuum annealed and air heat treated at 230C, is
shown in Fig. 19.Similar to the control sample, the aging results
in an increase in Vth.For the sample shown in Fig. 19, Vth
increases by 2.5 volts in a 96 hour aging period.Again, similar to
control samples, and unlike samples with CaS, the shape of the BV
curves changes as a result of aging.This change in the shape is
evident from an increase in the slope of the BV curve as the sample
is aged.In comparison with the control sample which exhibited a7
volt increase in the applied voltage for the 2 fL brightness level,
the oxygen-exposed sample shows a shift of about 2 volts at the same
2 fL level.Another characteristic of samples with oxygen exposure
is a lowering of brightness at high applied voltages.
5.2.2Comparison of Samples Exposed to Oxygen in Different Ways
In order to gain better insight into the aging and stability
improvement mechanism, two different oxygen exposure techniques were
used and the time and temperature of the oxidation were varied.The
structure of the insulators, S-S, and other process parameters were
kept constant, identical to that of the control sample.
The first technique used was to heat the panel in air after a24
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vacuum anneal.Several heat treatment temperatures were used from
150 up to 250C.There was no significant change in the stability of
the saturation brightness or the threshold voltage of the panels.
Additionally, no differences were observed when the samples were
cooled at different rates of about 3 degrees per minute to about 30
degree. per minute.The most stable panel in this experiment was
achieved by removing the panel from the vacuum annealing chamber to a
roam environment while the panel's temperature was about 300C, see
Fig. 20.
The second method involved exposure to an oxygen plasma after the
vacuum anneal.The main purpose for this experiment was to verify
the assumption that the stability improvements observed after heat
treatment were actually caused by the reaction with oxygen in air.
The exposure time was varied fram 1 minute to 2, 5 and 10 minutes.
The result of the panel with a 1 minute exposure time is shown in
Fig. 21 The stability and value of threshold voltage are comparable
to those of the air heat treated samples.However, with increasing
oxygen plasma exposure time, a trend of decreasing Vth and a
lowering of the saturation brightness is observed.For example,
samples with a 10 minute oxygen exposure have a Vth of about 12
volts lower than the sample with 1 minute exposure time.Similarly,
the former sample has a 5 fL lower brightness than the sample with
exposure time of one minute.The MS result for the sample with a 10
minute oxygen plasma exposure time is shown in Fig. 22.35
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5.2.3Miscellaneous Treatments Related to Oxygen Exposure
To specify what part of the treatment causes the improved
stability, several different structures were tested for stability.A
sample with only an oxygen heat treatment but without a vacuum anneal
and a sample with a vacuum anneal but no oxygen exposure were
fabricated.In both cases, the stability was poorer than that
observed when both vacuum anneal and oxygen exposure was used.The
stability of these samples was just slightly improved when compared
with control samples.
Another procedure investigated was oxygen treatment before plus
the standard N2 anneal after deposition of the second insulator.
This procedure also resulted in poorer stability than samples with
only a vacuum anneal and an oxygen exposure.Again, the stability
was only slightly better than that of control samples.However, the
brightness level of these samples improved to a level comparable with
that of the control sample.
Finally, oxygen annealing was performed, instead of N2 anneal
after the deposition of the second insulator, on an otherwise control
sample.The result showed no significant change in the stability.
This can be associated with inability of oxygen to diffuse
effectively through 1500A of SiCt top insulator.
These experiments point to the fact that the combination of
vacuum annealing and oxygen exposure is required for the observed
improvement in the stability.The loss of brightness is the major
drawback of this technique.1
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5.3LI Test Results
This test was performed to evaluate the performance of these
oxygen-exposed panels in a symmetric, commercial driver.For this
experiment, samples were taken through the BVB test before being
subjected to the LI test for 800 hours.
As described in section 3.3.1.2, the aging behavior was monitored
at low brightness levels up to 4 fL.The results for a sample with
an oxygen plasma exposure, heat treatment and vacuum anneal are shown
in Fig. 23.As measured by the LI test, a major improvement is seen
in the display stability when compared to control samples.The
results fram vacuum annealing plus oxygen plasma exposure are
comparable to those for air heat treatment.Samples with a vacuum
anneal only show poorer stability than samples subjected to a vacuum
anneal and an oxygen treatment.However, samples with a vacuum
anneal displayed only a slight improvement in stability compared to
control samples.However, it should be noted that the saturation
brightness of the oxygen treated samples differs from about 8 fL to
20 fL depending on the procedure used.This difference in the
maximum brightness might change the relative significance of the
brightness shifts.
5.4Summary
A major improvement in the display stability with oxygen exposure
is demonstrated, as monitored by both BVB and LI test results.It is
shown that vacuum annealing and oxygen exposure is required in order
to obtain improvement in the device stability as assessed by BVB and53
LI tests.The major disadvantage of this procedure is a decrease in
the saturation brightness by a factor as great as two.A decrease in
the Vth of about 10V is also observed.The threshold voltage
appears to decrease with oxygen plasma exposure time, whereas it is
independent of time and temperature for the case of air exposure.54
Chapter 6.DISCUSSION
The central issues addressed in this thesis pertain to the nature
and improvement of the stability of ZnS:Mn EL devices.Two process
modifications involving the addition of CAS buffer layers and
exposure of oxygen to the MIS surface are shown to lead to improved
EL device stability.The goal of the present chapter is to enumerate
various unresolved issues which arise fran the work presented in the
previous chapters and to offer explanations for than in terms of
modelling on a macroscopic, electrostatic as well as a microscopic,
atavistic level.
6.1 Mechanism of Instability
The first issue is to identify the mechanism responsible for the
ZnS:Mn ACTFEL instability.Here, there are two levels of
understanding involved.First, we need to isolate the electrostatic
mechanism responsible for the BV shifts as a function of aging.The
second level is the atavistic model that can explain the assertions
reached fran the electrostatic considerations.The electrostatic
level of understanding is often neglected in the literature and the
emphasis is usually to propose an atamistic explanation directly from
the experimental data.
6.1.1Electrostatic Considerations
The observed ACTFEL instabilities are most likely associated with
changes in the space charge distribution.The external AC field55
perturbs the internal charge distribution, and hence the internal
field, as a function of aging time.This perturbation of the space
charge could conceivably occur in the electrode contacts, the
insulators or the MS.13
It has been shown by many investigators that a change in the
stability can be achieved by changing the deposition methodof the
MS layer14,15,16or by changing the impurity content of the ZnS
layer.4,17These experiments altered the characteristics of the
ZnS layer alone without any direct change in the other layers,
resulting in clear changes in the stability.This implies that the
instability is a function of the ZnS bulkor the ZnS- insulator
interface.
Another requirement is that the electrostatic explanation needs
to explain observed equal shifts seen for both positive and negative
polarities of the applied voltage (see section 4.3).Furthermore,
the model should explain an increase in the threshold voltage anda
change in the shape of the BV curve of the standard panelas seen in
the BVB plot of Fig. 10.
There are two charge distributions which can account for Vth
shifts to higher voltages with aging.The first distribution
involves an accumulation of positive charge at the ZnS /insulator
interfaces and negative charge localized near the center of the ZnS
layer.According to this explanation, the unaged device has an
equilibrium energy band diagram as shown in Fig. 24a, while the aged
device has a modified equilibrium energy band diagramas indicated in
Fig. 24b.If it is assumed that all the energetic electronselectrode
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(b)Energy band diagram for aged standard sample.57
for luminescence originate at the ZnS /insulator interface, it is
clear that the charge distribution illustrated in Fig. 24b will
result in an increased threshold voltage.
The second charge distribution which can account for Vth shifts
to higher voltages with aging involves the formation of a localized
dipole layer at the interface.The formation of such a dipole layer
with aging increases the threshold voltage because electrons,
presumed to originate from traps within the insulator, see an
increased barrier.
As discussed below, the first model is favored since it seems to
offer a better explanation for improvement in the device stability
when modifying only one interface.
6.1.2Atavistic Considerations
As stated before, it is well accepted that the source of the
instability can be due to changes in the space charge distribution.
However, the nature of these charges is not agreed upon.One
possibility discussed in the literature is the migration of ions from
the insulator to the ZnS layer.To stop this migration, workers at
Matsushita added buffer layers of compounds like cas, BaS, Mgiand
BaSe, 143Se and Case to both sides of the ZnS layer.7,19,20,21
In Chapter 4, it was shown that for our devices, the addition of
a cas layer to one interface is sufficient and no further improvement
in the stability is obtained when cas is added to both interfaces.
The improvement seen by other investigators when adding two buffer
layers may be associated to the choice of the insulators.In58
Matsushita's experiments, the insulator used was Sr(Zr, Ti)03, from
which outdiffusion into the ZnS is more likely than that expected for
the more stable Si(. N
A second possible source of migrating ions is positive mobile
ions such as Na. +To stop this type of migration, a layer of
phosphosilicate glass (PSG) at the top of the glass or next to the
ZnS layer has been used with a reported improvement in the
stability.22PSG has been used effectively in MOS devices to stop
the migration of mobile ions and the idea here is to transfer this
technique to EL technology.Since, in our devices, the addition of a
Cab layer to one interface of ZnS improved the stability, the ion
migration mechanism can be ruled out.
Yet another possible cause of the space charge,proposed3 by K.
Yang, is a change in the interface trap distribution possibly as a
result of bombardment by high energy electrons.In the previous
chapter, it is shown that modification of only the top interface
through oxygen exposure or the addition of CaS to only one interface
can improve the stability.If interface traps were the source of the
instability and Cab acted as a protective layer, it would seem that
improvement would require cas to be present at both interfaces.
The possibility favored here is that the space charge responsible
for ACTFEL instabilities is due to the migration of sulfur vacancies
in the ZnS layer.5,23,24These vacancies are assumed to be present
in the initial, unaged device and are created during the ZnS
deposition.Auger analysis of evaporated ZnS film shows up to 5%
higher zinc than sulfur concentration.6,14,25Sulfur vacancies act59
as double donors.When ionized, the vacancy is positively charged.
The sulfur vacamoymechanism is consistent with the charge
distribution illustrated in Fig. 24b, if the sulfur vacancy
concentration increases near the interface with aging.It also best
explains most of the observations in this work and the fact that
improvements are seen by oxygen exposure,5 by ion implantation of
elements with a high electronegativity17 or by using methods that
yield a more stoichiometric ZnS film.14,15/16
It should also be noted that the movement of the charge is made
possible by electric field assisted diffusion.This explains the
fact that aging occurs only under an applied field and is more
pronounced at higher fields.The exact mechanism and cause for the
sulfur vacancy movement is not clear; however, experiments such as
reported by Norian26 on CdSe show that positive ions tend to move
toward the interfaces and grain boundaries under an electric field.
The specific mechanism responsible for the ion movement with the
particular voltage waveform and material used in ACTFEL devices is
not clear.
The remainder of this chapter addresses issues raised by the
experimental results and how they can be explained using the
assumption of sulfur vacancy migration.
6.2Instability of Control Samples
The proposed electrostatic model should be able to explain the
observation that with aging the Vth increases and the BV curve
shifts in a non-rigid fashion as shown in Fig. 10.60
The tunneling barrier is increased by the positive charge at the
interface, as shown in Fig. 24b.Therefore, a higher external
voltage is required to reach the threshold field, assuming that the
source of electrons in the EL device is tunneling from the
ZnS-insulator interface.2It is possible to calculate the amount
of charge shifted to the interfaces required in order to obtain a 10
volt increase in Vth.For simplicity, we assume that all the
positive charge is concentrated at the interfaces and that the
corresponding negative charge required by charge balance is localized
at the middle of the ZnS layer.From Gauss' law:
Ns = Qs/q = es E/q = es v/d/q (1)
where Qs is the charge per unit area, es is the dielectric
constant of ZnS, v is the threshold voltage shift, d is half of the
ZnS layer thickness, Ns is the number of charges per unit area.
For typical device dimensions and v=10 volts, we have Ns = 1.5
X 1012 cm-2
.Now assuming these interface charges to be
distributed over a distance of 100 A near the interface in the ZnS,
we estimate the sulfur vacancy concentration near the interface after
aging to be approximately 1.5 X 1018 cm-3.This number can be
compared with the number of atoms per unit volume of ZnS27, 2.5 X
1022cm.-3Therefore, an excess concentration of 1018/1022 _
0.01% of sulfur vacancies can cause this 10 volt shift.61
Cie possibility for the nonrigid shift in the BV curve is
attributed to the voltage dependence of the barrier that the
energetic electrons at the ZnS/insulator interface see.As the
applied voltage increases above the threshold, this barrier is
modified in a manner that depends on the applied voltage.Another
explanation based on the proposed electrostatic mechanism, sec.
6.1.1, for the nonrigid shift is the increased field seen by the
generated electron after reaching the field set up on the other half
of the ZnS layer, Fig. 24b.
6.3 Role of the CaB Layer
In Chapter 4, the improvement in stability caused by the addition
of a cas layer was demonstrated.This improvement is attributed to a
reduction in the sulfur vacancy concentration in the ZnS due to the
presence of the Cab buffer layer.This assertion depends upon the
availability of S from the Cab and the ability of the S to migrate
substantial distances into the ZnS.It is possible that the
hygroscopic nature of the cas enhances the likelihood of S to become
available for diffusion into ZnS.The diffusion of S in ZnS is
discussed in the next section.
6.3.1Independence of Stability with Location of cas
Another interesting result from Chapter 4 is that the stability
improvement is obtained regardless of whether CAS layers are present
at one or both of the ZnS interfaces.Furthermore, the addition of62
cas to the top or bottom interface yields similar results.This can
be explained if the sulfur fram Cab at one interface can diffuse
throughout the ZnS layer to the other interface during the annealling
process.
To see if such diffusion is possible, we can find the
diffusivity, D, required for sulfur atoms to reach the other
interface.This diffusivity, then, can be compared to the expected
value of the diffusivity of sulfur in ZnS fram the literature.
FOr sulfur atoms to migrate fram one interface to the other, they
have to diffuse about 5000 A in 1 hour at 460 C.Using a simple
expression based on a random walk, we estimate the required
diffusivity for S self-diffusion at 4600 to be
D = L2/t = [(5000 X 10-8)2/3600 = 7.0 X 10-13cm2 s-1(2)
The reported value28 of the self-diffusion of S in single
crystalline ZnS in the temperature range of 700-891 C is:
D(S) = 7 X 105 exp[-3.4/kT] cm2s-1 (3)
which, if extrapolated to 4600, yields a diffusivity for S
self-diffusion of 3.1 X 10 18 an2 /S.This would tend to preclude
the possibility of sulfur diffusing across the bulk ZnS layer at
4600.However, this value is valid for self-diffusion in single
crystal ZnS.ZnS films employed in EL devices are polycrystalline.63
Preferential diffusion in the grain boundaries is well known and is
dominant at lower temperatures.29The diffusivity of sulfur in
polycrystalline ZnS could not be found in the literature; however,
for other polycrystalline materials, a change by a factor of 0.4 to
0.7 in the activation energy of the polycrystalline material compared
to that of single crystal material is reported.29Thus, if we
assume the activation energy to be reduced by a factor of 0.6, we
estimate the diffusivity of S in polycrystalline ZnS to be
approximately 6.8 X 10-9 cm2S-1.
This value is orders of magnitude larger than that calculated to
be necessary for sulfur diffusion from one interface to the other.
This argument tends to show that the diffusion of sulfur across the
ZnS layer is possible during the post-deposition annealing at 460C
for 1 hour.Therefore, addition of CaS to one interface can provide
adequate sulfur throughout the entire film through diffusion,
resulting in similar results regardless of whether Cab is present at
one or both interfaces.
The results frau Auger Electron Spectroscopy (AFS) for the
CaS-ZnS interface of a SAS sample after a 460C N2 anneal is shown
in Fig. 25.This result shows a higher S/Ca ratio in Cab than S/Zn
in ZnS, which is consistent with the argument in thissection since
it indicates that more sulfur is present in the cas layer and is thus
available for diffusion into the ZnS.
These arguments should not be construed as a formal proof that S
diffuses all the way through the ZnS layer; further experimental work
is required to establish whether this is indeed the case.64
6.3.2Increase in the Threshold Voltage by Addition of CaS
One of the results noted in Chapter 4 is an increase in the
threshold voltage of about 35 +/- 10 volts for 1000A of CaB.If the
threshold voltage of ZnS is assumed to be constant at 2 MV/cm (i.e.
not affected by the presence of a Cab buffer layer) and if the
relative dielectric constant for Cab is assumed to be 9.3, a change
in the threshold voltage of 18V for 1000 A of CaB is expected if the
Cab behaves as a simple capacitive divider.This value is
substantially lower than the 35 volt observed experimentally.Thus,
either the ZnS threshold voltage is effected by the presence of a CaS
layer or the Cab layer does not act as a simple capacitive divider
(i.e. the CaB layer breaks down prior to the ZnS).If the ZnS field
is 2 MV/cm, the field across the CaS is calculated to be above 1.8
MV/cm.(For the previous calculations, an 818-50 C10 S9 structure is
used).This value of the field across the CaB layer is greater than
the Cab breakdown field reported in the literature" of 0.7-1.1
MV/cm for evaporated CaB, which suggests that the Cab layer may break
down prior to the ZnS layer.This result is not conclusive, however,
since tests of the breakdown strength of our CaS indicated a larger
value of approximately 3 MV/cm, although these tests displayed a very
wide range of values and were thus, not conclusive.The uncertainty
in the value of the threshold field is attributed to the hygroscopic
nature of CaB.Further work is required in order to deduce whether
breakdown occurs first in the MIS or Cab layer.17
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6.3.3 BV Curve Shifts to Lower Voltages with Aging
There are two issues.First, for a sample possessing a caS
buffer layer, unlike the standard sample, the threshold voltage
shifts to lower voltages as a function of aging.Second, again
unlike the standard sample, the BV curve shifts rigidly with aging.
It is important to realize that the observed voltage shift is
quite small when a cas buffer layer is present.Thus, it is possible
that the shift is rigid merely as a consequence of the small
magnitude of the shift.Alternatively, a rigid shift would seem to
imply that the charge rearrangement responsible for the threshold
shift occurs at a physical location different from where the
energetic electrons are sourced.For example, charge redistribution
at the CaS /SiCinterface (associated with, for example,
interdiffusion or chemical reactions) could give rise to the observed
rigid shifts since the electrons are presumably not sourced at this
interface and, thus, the BV curve should shift rigidly.
Electrostatically, shifts to lower voltages would seem to require
charge redistribution of an opposite sense as required for positive
threshold voltage shifts; either accumulation of negative charge near
the interface or a interface-localized dipole layer aiding the
carrier generation.Yet another possibility is change in the
capacitive nature of the stacks, possibly caused by oxidation of CaB
to CaO, which leads to a decrease in the external voltage due to
higher dielectric constant of CaD.
A detailed explanation of the CaS-related rigid shifts to lower
voltage remains obscure at this time.67
6.4Oxygen EXposure
In Chapter 5, another method for improving the stability
involving oxygen exposure is discussed.This method involves a
vacuum anneal at 460C for 1 hour and subsequent exposure to oxygen
through heat treatment in air or use of an oxygen plasma.The
results were less encouraging than those obtained using samples with
Cab because of poorer stability and also because of lower
brightness.Using the proposed instability mechanism, the improved
stability and IN aging behavior is explained as follows.
6.4.1 Cause of the Improved Stability
As a result of oxygen exposure, two phenomena occur.First,
oxygen diffuses through the ZnS film via grain boundaries.Secondly,
oxidation occurs at the ZnS surface.The proposed mechanism for
improved stability is that oxygen diffuses through the grain
boundaries and is then incorporated in the ZnS lattice by filling the
sulfur vacancies.Thus, improved stability is a consequence of a
reduction in the concentration of sulfur vacancies.Similar size and
electrochemical properties of sulfur and oxygen makes this
incorporation possible.At the same time, the reaction between ZnS
and oxygen at the surface results in a layer of oxide which stops
further diffusion of oxygen.27,32,33
In the ZnS film, oxygen can bond with sulfur resulting in
S012-like bonding or be absorbed into the sulfur vacancy and bonded
to Zn.5The proposed mechanism of S-vacancy annihilation assumes
the possibility of diffusion of oxygen partially through the ZnS68
layer and filling of sulfur vacancies.It has been demonstrated32
by other researchers that oxygen forms a significant number of Zn-O
bonds (implying the possible filling of S vacancies) in ZnS.Also,
other research involving oxygen exposure of CdSe suggests33 that
Cd-O bonding, leading to a reduction in the donor density, is likely.
6.4.2Purpose of the Vacuum Anneal
A vacuum anneal prior to the oxygen exposure is found to be
essential for obtaining the improved stability.This requirement is
attributed to two factors.First, the vacuum anneal is needed for
grain-growth in order to obtain a polycrystalline ZnS layer with
large grain size.Second, the vacuum anneal enhances impurity
segregation and trapping at grain boundaries making it more probable
for the oxygen to annihilate these vacancies at the grain boundaries.
6.4.3BV Curve Shifts as a Function of Aging
The oxygen-treated sample ages in a similar fashion to the
control sample in that the threshold voltage increases and the BV
curve shifts in a non-rigid fashion.This can be explained by the
fact that the oxygen treatment is performed at relatively low
temperatures such that the oxygen diffuses only a limited distance
into the ZnS.Additionally, oxygen exposure occurs only at one
interface and oxygen diffusion is quickly limited by a protective ZnS
native oxide layer.All of these limitations cause the effectiveness
of oxygen exposure to be less than that obtained with the addition of
a Cab buffer layer.Since oxygen diffusion is not as effective as69
sulfur diffusion from the Cab layer, the reduction of the number of
sulfur vacancies is not as pronounced as in the samples with CaS
layers.Therefore, the instability mechanism valid for the control
sample and discussed in section 6.1 still holds.
The saturated brightness of oxygen-exposed samples is observed to
decrease by up to 30% of that observed in the, standard sample.At
the same time, the threshold voltage is observed to decrease by about
10 volts compared to that of the standard panel.It is not clear why
such an oxygen exposure should lead to such large decreases in the
brightness and threshold voltage.The oxidation conditions imply an
asymmetrical charge redistribution, since oxygen diffusion across the
ZnS layer would seem to be precluded.Thus, the electrostatic
considerations employed previously would seem not to apply, since a
symmetrical charge redistribution was assumed.It should be noted
that a post-annealing treatment in nitrogen at 460C for 1 hour after
the oxygen exposure resulted in some improvement of the brightness
compared to the unannealed oxygen-exposed sample.It seems likely
that this post-anneal would lead to oxygen redistribution, thus
reducing the interfacial native oxide.
Another possible explanation for the reduced brightness is
oxidation and a reduction of crystallinity at the top interface.
This interface normally has much better crystallinity than the rest
of ZnS layer and sources more light,2,6 therefore, by changing this
interface, a drop in brightness can be expected.The brightness
improvement seen by the addition of 460C anneal can be attributed to
the recrystallization of the top interface.70
Further work is required to understand the role of the oxygen
exposure in improving the stability and decreasing the threshold
voltage and brightness.
6.5Summary
The aim of this chapter is to propose a mechanism which explains
the nature of the BV instability in a control panel and also explains
why the addition of a cas buffer layer or exposure of the ZnS surface
leads to an improvement in the instability.From an electrostatic
point of view, two charge redistributions, involving charge
accumulation at the interface and an interfacial dipole layer, are
proposed to account for the observed increase in the threshold
voltage with aging.The charge accumulation model is favored as
explaining more of the observed results and this interfacial charge
accumulation is attributed to donor sulfur vacancies.Thus, the
observed EL instability is attributed to the migration of sulfur
vacancies as a function of aging.
The instability improvement when a cas buffer layer is used is
attributed to the reduction of the sulfur vacancy concentration due
to the diffusion of excess sulfur from the CaB through the ZnS
layer.This argument hinges on the ability of S to diffuse via grain
boundaries across the ZnS layer at 460C in 1 hour.A plausability
argument has been given for such diffusion, but it remains for
further work to determine empirically-whether this is indeed the
case.This argument implies a symmetrical charge distribution can be
invoked to explain trends in threshold voltage shifts.71
The instability improvement observed when the ZnS surface is
exposed to oxygen is attributed to the annihilation of sulfur
vacancies by oxygen.The observed decreases in the brightness and
threshold voltage with oxygen exposure cannot be explained at this
time.It is concluded that oxygen exposure trends can be interpreted
in terms of a change in the charge distribution or a reduction in
light emmitting efficiency at the top interface.72
Chapter 7.CONCLUSION AND RECONENDATIONS FOR FUTURE WORE
This work has demonstrated the improvement in ACTFEL device
stability through two methods of process modification.The first
method is the addition of a Cab layer of thickness 500-1000 A on one
or both sides of the ZnS active region.The stability of the device
can be improved by a factor of five as measured by the BVB or LI test
measurements.It is also shown that a combination of Cab and
BaTa2O6 in structures such as SC-SB on S-CSB can also improve the
stability.The problems posed by the addition of a Cab buffer layer
are an increase in the threshold voltage of about 35 volts for 1000 A
of CaB, processing problems because of the poor adhesion of Cab
(attributed to the hygroscopic nature of Cab) and a tendency for
hysteresis.
The second method demonstrated to improve the stability of the
device is exposure to oxygen.This method involves performing a
vacuum anneal at 460C before the second insulator deposition.This
step is then followed by oxygen exposure done via one of two
methods.One method is heating the sample up to about 200 C in air.
The second method is exposing the sample to an oxygen plasma for a
period of 1 to 10 minutes.The main drawback of the oxygen exposure
method is a decrease in the brightness of the sample.This problem
is especially noticeable in the case of exposure to an oxygen plasma,
which can result in a reduction as great as 50% compared to that of a
standard sample.The overall stability improvement due to oxygen
exposure is less than that which can be achieved with Cab buffer73
layers.
Based on the behavior of the BV curve as a function of aging and
the effects of different processes, a mechanism for the instability
is proposed.Electrostatically, the model involves the accumulation
of positive charge near the two interfaces of ZnS, thereby creating
two opposing internal fields and an increased barrier for electron
emission from the interface.(Positive charge accumulation near the
interface as invoked to explain positive threshold shifts in the BV
curves with aging).The atamistic model attributes this positive
charge to the donor-like sulfur vacancies which migrate towards the
interface with aging.
The above model is then used to explain the reason for the
improved stability obtained when cas buffer layers or oxygen exposure
is employed.It is proposed that excess sulfur from the cas buffer
layer diffuses throughout the ZnS film, thus reducing the sulfur
vacancy concentration.For the case of the cas buffer layer, the
charge redistribution profile is assumed to be symmetric, since it is
asserted that sulfur diffuses across the entire ZnS layer.In
contrast, for the oxygen-exposed sample an asymmetric charge
redistribution profile is assumed since it is not believed that
oxygen diffuses across the entire ZnS layer at a low processing
temperature of about 200C.
Although methods for improved stability are demonstrated and a
mechanism for stability is proposed, further experiments are required
to achieve a better understanding and more confidence in the proposed
mechanism.Also, further improvement in the stability and easier74
methods for manufacturing are desirable.Following are several
suggestions for such goals.
1.Activation Energy of the Process
The proposed atavistic model involves movement of sulfur
vacancies in the ZnS film.One can extract the activation
emery of this process and compare this value to that
expecr;ed for sulfur vacancy diffusion.To extract an
activation energy, we can use the method demonstrated35 by
M. Mang, et al.This method involves obtaining an Arhenius
plot fran temperature-dependent shifts seen in the process
measurement and extracting the activation energy fray such a
plot.For ACTFEL devices, either BV shifts or
capacitance-voltage shifts can be used.
2.Relation Between Stability and Sulfur Content
Since the atavistic cause of the instability is attributed
to sulfur vacancies resulting from the deposition process, a
change in the stability, should be observed with a change in
the S/Zn ratio.Therefore, a deposition method with control
over the S/Zn ratio such as Metal Organic Chemical Vapor
Deposition, (MOCVD) can be used to test the device stability
as a function of S/Zn ratio.The logical consequence of the
proposed model is that a ZnS layer with negligible sulfur75
vacancies would have negligible instability.
3.Further improvement in Stability
According to the proposed model, we expect to improve the
stability of an evaporated ZnS ACTFEL device by increasing
its sulfur content.This can be accomplished by performing
a vacuum anneal to enhance the diffusion (see section 6.4.2)
and then placing the sample in a high temperature sulfur
ambient prior to the deposition of the second insulator.
Then, to further ensure the diffusion of sulfur throughout
the ZnS layer, a nitrogen anneal can follow.If the
assertion regarding sulfur vacancies is true, this process
should yield a stability superior to that reported in this
thesis.
4.Ion Migration Possibility
It is possible that the instability is at least partially
associated with ion migration, similar to the type of
instability observed in the early silicon NOS technology.
This hypothesis can be tested by the addition of chlorine
during the insulator deposition, as is currently done in MOS
processing, in order to tie up positive mobile charges like
sodium ions.76
5.8 Migration in ZnS
The proposed model for the improvement in the stability due
to a Cab buffer layer hinges on the assumption that sulfur
diffuses via the grain boundaries across the entire ZnS
film.Interdiffusion experiments involving ZnS/CAS layers
could be performed to test this assumption using techniques
such as Rutherford Back Scattering (RBS) or the use of
radioactive sulfur isotopes in cas to monitor the migration
of sulfur.
6.Cause of the Brightness Decrease in Oxygen Exposed Samples
The lower brightness observed in the oxygen-exposed sample
compared to that of a standard sample is discussed in
Chapter 6.One possibility proposed to account for the
reduced brightness with oxygen exposure is the change in the
charge distribution due to oxidation of one interface.This
assertion can be tested by comparing the turn-on
characteristics between capacitance-voltage (CV) and BV
curves at threshold.The slope of the CV curve is
indicative of the charge distribution at the interface.36
If this CV curve shows a reduced slope similar to the one
observed in the BV curve for an oxygen exposed sample, this
provides support for the assertion that the decrease in77
brightness with oxygen exposure is due to a change in the
charge distribution, as discussed in sec. 6.4.3.78
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